Edited by Ronald C. Wek MEX-3 is a K-homology (KH) domain-containing RNA-binding protein first identified as a translational repressor in Caenorhabditis elegans, and its four orthologs (MEX-3A-D) in human and mouse were subsequently found to have E3 ubiquitin ligase activity mediated by a RING domain and critical for RNA degradation. Current evidence implicates human MEX-3C in many essential biological processes and suggests a strong connection with immune diseases and carcinogenesis. The highly conserved dual KH domains in MEX-3 proteins enable RNA binding and are essential for the recognition of the 3-UTR and post-transcriptional regulation of MEX-3 target transcripts. However, the molecular mechanisms of translational repression and the consensus RNA sequence recognized by the MEX-3C KH domain are unknown. Here, using X-ray crystallography and isothermal titration calorimetry, we investigated the RNA-binding activity and selectivity of human MEX-3C dual KH domains. Our high-resolution crystal structures of individual KH domains complexed with a noncanonical U-rich and a GA-rich RNA sequence revealed that the KH1/2 domains of human MEX-3C bound MRE10, a 10-mer RNA (5-CAGAGUUUAG-3) consisting of an eight-nucleotide MEX-3-recognition element (MRE) motif, with high affinity. Of note, we also identified a consensus RNA motif recognized by human MEX-3C. The potential RNAbinding sites in the 3-UTR of the human leukocyte antigen serotype (HLA-A2) mRNA were mapped with this RNA-binding motif and further confirmed by fluorescence polarization. The binding motif identified here will provide valuable information for future investigations of the functional pathways controlled by human MEX-3C and for predicting potential mRNAs regulated by this enzyme.
RNA substrates primarily through hydrogen bonding, electrostatic and polar interactions, and hydrophobic interactions, excluding the nucleic acid base-to-protein aromatic side chain stacking interaction.
The Caenorhabditis elegans MEX-3 (ceMEX-3) protein is one member of the KH domain-containing RNA-binding protein family (30) . It contains two KH domains and has mainly been regarded as a translational repressor in mRNA post-transcriptional regulation, contributing to early embryonic development and the maintenance of germ line totipotency in adults (30, 31, 35, 36) . The primary phenotype caused by a mutated MEX-3 is an abnormal generation of the body-wall muscles from the anterior blastomere. A family of MEX-3-homologous proteins (MEX-3A-D) was subsequently identified in humans and mice with all proteins retaining the highly conserved dual KH domains and acquiring a RING finger domain with ubiquitin E3 ligase activity at the C terminus, which is absent in ceMEX-3 (37) . These four homologous mammalian MEX-3 proteins are thought to play similar roles as ceMEX-3. They mediate post-transcriptional regulation in a wide range of biological processes, including hypertension (38) , postnatal growth (39) , energy metabolism (40) , cancer (41) , and the immune response (32, 33, 42) .
Of these four homologs, MEX-3C is known to be widely expressed in many tissues, especially in the spleen and thymus (43) . It has been reported that MEX-3C is associated with several diseases. For instance, polymorphic variations in human MEX-3C (hMEX-3C) have been shown to be responsible for the susceptibility to essential hypertension (38) . Other studies demonstrated that MEX-3C promotes postnatal growth through translational regulation of insulin-like growth factor 1 (Igf1) mRNA (39) and has a pivotal role in the regulation of energy balance because its mutation reduces adiposity and increases energy expenditure (40) . MEX-3C has been identified as a chromosomal instability suppressor in cancer (41) . MEX-3C has also been reported to be involved in the immune response where it directly or indirectly binds to the viral RNA and regulates the retinoic acidinducible gene-1-mediated antiviral innate immune response (43) . Lehner and co-workers (32, 33) revealed that MEX-3C regulates the expression of the HLA-A2 gene by binding to its 3Ј-UTR, thereby inducing the ubiquitin-dependent degradation of this mRNA. Moreover, RING-deleted MEX-3C maintains the ability to inhibit the translation of mRNA, similar to its C. elegans ancestor, but is no longer capable of degrading the mRNA.
However, the molecular mechanisms of mRNA degradation and translational repression induced by the recognition and binding of MEX-3C KH domains to the 3Ј-UTR of mRNAs remain to be elucidated. One related challenge would be the identification of the consensus RNA sequence recognized by the MEX-3C KH domains. Using in vitro selection and biochemical analysis, Pagano et al. (36) identified an RNA sequence motif ((A/G/U)(G/U)AGN 0 -8 U(U/A/C)UA) that was strongly bound by the ceMEX-3 protein. In this sequence, two four-nucleotide half-sites separated by 0 -8 nucleotides were shown to be recognized preferentially by two different KH domains connected via a 31-amino acid flexible linker. Because of the high sequence identity of the dual KH domains of hMEX-3C and ceMEX-3 ( Fig. 1A) (37) , this RNA-binding preference could possibly also apply to the hMEX-3C protein.
In this study, we determined the high-resolution crystal structures of hMEX-3C KH1-5Ј-GUUUAG-3Ј and KH2-5Ј-CAGAGU-3Ј complexes and analyzed the crucial interactions stabilizing the protein-RNA-binding interface. Furthermore, isothermal titration calorimetry (ITC) experiments were used to verify the crucial interactions contributing to binding specificity and to determine the consensus RNA motifs for two individual KH domains. Based on these results, we mapped the real RNA targets for the hMEX-3C KH domains at the 3Ј-UTR of HLA-A2 mRNA, which was further confirmed by fluorescence polarization (FP).
Results

hMEX-3C KH domains bind MRE10 RNA
Using the systematic evolution of ligands by exponential enrichment assay, Pagano et al. (36) previously reported an RNA aptamer, (A/G/U)(G/U)AGN 0 -8 U(U/A/C)UA (MEX-3recognition element (MRE)), that exhibited strong binding affinities with the KH domains of C. elegans MEX-3. Sequence alignment of hMEX-3C with ceMEX-3 shows that the sequence identity of the dual KH (KH1/2) domains is 73% ( Fig. 1A) .
Because of the high sequence identity, it is reasonable to hypothesize that the KH1/2 domains of hMEX-3C will bind to MRE RNA in a manner similar to that of its C. elegans homolog. Using ITC, we therefore measured the binding affinity of hMEX-3C KH1/2 domains for MRE10, a 10-mer RNA (5Ј-CA-GAGUUUAG-3Ј) consisting of an eight-nucleotide MRE motif flanked by a cytosine and a guanine at its 5Ј-and 3Ј-ends, respectively ( Fig. 1B ). Our ITC result shows that hMEX-3C KH1/2 domains bind MRE10 with a high affinity (K d ϭ 0.17 Ϯ 0.01 M) ( Fig. 1C ), suggesting that MRE10 could be a potential regulatory target for hMEX-3C.
KH domains can typically accommodate four nucleotides in their binding clefts (28) . Pagano et al. (36) suggested that the MRE is a bipartite element that consists of two KH-recognition motifs separated by 0 -8 nucleotides, (A/G/U)(G/U)AG and U(U/A/C)UA, and each one can be specifically recognized and bound by an individual KH domain of MEX-3 in C. elegans. To verify this in hMEX-3C, the 10-mer MRE10 was divided into two parts, namely MRE10a comprising the upstream sequence CAGAGU and MRE10b comprising the downstream sequence GUUUAG (Fig. 1B) . ITC was used to test their binding affinities for the individual KH domains of hMEX-3C. As summarized in Fig. 1D , hMEX-3C KH1 binds MRE10b with a K d value of 32.57 Ϯ 1.9 M, whereas no binding was detected between KH1 and MRE10a. In contrast, KH2 can bind both MRE10a and MRE10b, but the binding affinity for MRE10a was ϳ4-fold stronger than that for MRE10b (K d ϭ 3.15 Ϯ 0.25 M for MRE10a and 11.79 Ϯ 0.45 M for MRE10b). Overall, our ITC results indicate that the KH domains in MEX-3 proteins maintain their binding specificities for RNA substrates across different species.
Molecular basis of RNA recognition by MEX-3C Overall structure of the KH1-MRE10b and KH2-MRE10a complexes
Although efforts have been made previously to determine the interaction preferences in the RNA recognition of KH domains, there remain some uncertainties that need further examination. For instance, although adenine or cytosine was often found to occupy the central position(s) of the nucleic acid-binding sites of KH domains (34), a G-rich RNA sequence has been reported to bind specifically with the KSRP KH3 domain (29) . In the case of hMEX-3C, the KH-bound RNA sequences that have been identified (5Ј-CAGAGU-3Ј and 5Ј-GUUUAG-3Ј) do not seem to have any apparent similarities with the RNA sequences from those reported KH-RNA complex structures, which inspired us to elucidate the structural details of the interaction between the RNA segments and the KH domains of hMEX-3C. Our initial attempts to crystalize hMEX-3C KH1/2 domains complexed with MRE10 were not successful. NMR experiments showed that the 1 H-15 N HSQC spectra of individual KH1 and KH2 domains can be aligned well with that of KH1/2 domains (supplemental Fig. S1 ), suggesting that the KH1 and KH2 domains do not interact with each other in solution. We therefore crystallized the individual KH1 and KH2 domains in the absence and presence of their RNA substrates and eventually solved the apo-form structure of the KH2 domain and the complex structures of KH1-MRE10b and KH2-MRE10a. The final refinement model of the KH1-MRE10b complex had an R work value of 17.2% and an R free value of 20.9% at 1.8-Å resolution, whereas the structure model of the KH2-MRE10a complex was refined to R work and R free values of 17.0 and 21.8%, respectively, at 2.0-Å resolution. Additionally, the structure of the KH2 domain in the apo form was determined at 2.5-Å resolution and was refined to a final R work value of 22.6% and R free value of 27.0% (supplemental Table S1 ). In the KH1-MRE10b and KH2-MRE10a crystal structures, each asymmetric unit contains only one complex, whereas the crystallographic asymmetric unit in the apo form of the KH2 domain comprises three molecules.
The overall structures of the two complexes and the apoform KH2 are depicted in Fig. 2 and supplemental Fig. S2A . The structural comparison between the apo and the RNA-bound forms of the KH2 domain indicates no significant conformational changes upon RNA binding (root mean square deviation between C␣ atoms of the two structures is 0.37 Å) (supplemental Fig. S2B ), which is consistent with previous data about KH-RNA interactions (15, 16) . In contrast, because the resolution of the apo-form KH2 is relatively low, the side chains of the residues at the RNA-binding interface in the complex structure were poorly defined and not built in the apo form, which limited further analysis of the structural changes upon RNA binding. A comparison of the KH1 domain in the KH1-MRE10b complex with the KH2 domain from the KH2-MRE10a complex shows high structural similarity with a root mean square deviation for C␣ atoms of 0.42 Å (supplemental Fig. S2C ). In all these structures, the KH domains form a typical KH fold in which three ␣-helices pack against a ␤-sheet composed of three antiparallel ␤-strands, their topological arrangement being ␤-␣-␣-␤-␤-␣, 
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which is common to all type I KH folds. Between the ␣1 and ␣2 helices in the KH1 and KH2 domains, there are 3 10 helices comprising the sequences Gly-Arg-Gln-Gly and Gly-Pro-Lys-Gly, respectively, which refer to the evolutionarily conserved GXXG motif observed in all KH domains. The ␤2 and ␤3 strands in both KH domains are linked by an eight-amino acid polypeptide, which represents the variable loop. These secondary structural motifs form a typical RNA-binding cleft where the GXXG motif and the variable loop function together as a "molecular vise" to grip the RNA segment (Fig. 2) .
The structural alignment of the RNA segments in these two complexes indicates that the KH1 and KH2 domains bind to their RNA ligands in a similar manner ( Fig. 4A ). All six RNA nucleotides were built in the KH1-GUUUAG complex, whereas only five nucleotides were observed for the KH2-CAGAGU complex because the electron density of the first cytosine was difficult to trace ( Fig. 2 ). In the structure of the KH2-CAGAGU complex (Fig. 2B ), the core recognition sequence (AGAG) lies upon the ␣/␤ platform and has direct contacts with the protein, resembling the KH-RNA complex structures solved previously (15, 16, 44) , at the four canonical RNA-binding positions in the KH domain (referred to as positions 1, 2, 3, and 4 below). Conversely, in the KH1-GUUUAG complex ( Fig. 2A ), five sequential nucleotides (UUUAG) contact the KH domain. The first uracil interacts specifically at the far side of the binding cleft with the residues from ␣1, ␣2, and ␣3 helices (hereafter called position 0), whereas the core recognition sequence (UUAG) occupies the RNA-binding positions 1-4. The uracil at the 3Ј-end of the CAGAGU complexed with the KH2 domain and the guanine at the 5Ј-end of the GUUUAG complexed with the KH1 domain have no obvious interactions with the KH2 and KH1 domains and are most likely stabilized by crystal packing. This is along expected lines for the KH1/2-MRE10 interaction in which the binding modes in both the individual KH-RNA complexes are preserved and the above mentioned uracil and guanine are specifically recognized by the 
adjacent KH1 and KH2 domains, respectively. Interestingly, the RNA-binding mode in the KH1-GUUUAG complex is somewhat unexpected because it has been suggested previously that UUUA binds the KH1 domain at the four canonical RNA-binding positions (36) . Our crystal structure, however, clearly shows that UUAG instead of UUUA binds the KH1 domain at positions 1-4, whereas the first uracil at the 5Ј-end interacts with this KH domain at position 0 where specific interactions were rarely reported previously.
As summarized in Table 1 and Fig. 3 , both KH1 and KH2 domains form extensive hydrogen bonds with their bound RNAs. In the KH1-GUUUAG structure, a total of 19 hydrogen bonds are observed between the KH domain and RNA, including seven protein side chain-nucleobase, five side chain-RNA backbone, five main chain-nucleobase, and two main chain-RNA backbone hydrogen-bonding interactions. In the KH2-CAGAGU complex, the total number of H-bonds is 20, and the corresponding numbers of hydrogen bonds of the different types listed above are 3, 6, 10, and 1.
hMEX-3C possesses a highly conserved interface at the RNA-binding positions 3 and 4 in its KH domains
The interactions between the KH domains and RNA segments are highly similar at binding positions 3 and 4 where hydrogen bonds are abundantly observed (Figs. 3 and 4). In both complex structures, the base of the adenine at position 3 (A3 for KH1-GUUUAG or A3Ј for KH2-CAGAGU) is anchored by a hydrophobic pocket largely constituting residues from the ␣2 helix, ␤2 strand, and variable loop (Ile-255, Arg-259, Ile-266, and Thr-268 for KH1; Val-342, Ile-349, Gln-353, Ile-360, and Thr-362 for KH2). The adenine base is specifically recognized by the surrounding residues via hydrogen bonds ( Fig. 4 , B and C): the N7 nitrogen of A3 or A3Ј with the OH group of the threonine (Thr-268 of KH1 or Thr-362 of KH2), the amino group of A3 or A3Ј with the main chain carbonyl of the isoleucine (Ile-266 of KH1 or Ile-360 of KH2), and the N1 nitrogen of A3 or A3Ј with the NH2 group of Arg-259 of KH1 or Gln-353 of KH2. In addition to these hydrogen bonds between the base and the protein, the backbone and the ribose of this adenine also contribute to the hydrogen-bonding interactions with the KH domain. The amide group of Gln-251 within the GXXG motif grips the RNA fragment by forming a hydrogen bond with the OP1 oxygen of A3 in the KH1 complex, whereas the main chain NH and the side chain NH2 groups of Lys-345 from the same motif of the KH2 domain form hydrogen bonds with the OP1 and OP2 oxygen of A3Ј, respectively. In addition, the 2Ј-hydroxyl group of A3Ј forms a water-mediated hydrogen bond with the NH2 group of Lys-350 from the ␣2 helix in the KH2 complex, further strengthening the interaction.
In the two structures, the guanine base at position 4 (G4 or G4Ј) is stacked with the A3 or A3Ј base, providing a very stable and specific recognition interface on RNA for KH domains (Fig.  4A ). Similar to A3 or A3Ј, G4 or G4Ј also interacts with the adjacent threonine (Thr-268 of KH1 or Thr-362 of KH2) and isoleucine (Ile-266 of KH1 or Ile-360 of KH2) via two direct The residues involved in hydrogen-bonding interaction are colored black and red, depending on whether they use the side chain or the main chain to mediate the RNA-protein interaction. KH2-CAGAGU   U0  U1  U2  A3  G4  All  A1  G2  A3  G4  All   Side chain-nucleobase  2  2  0  2  1  7  1  0  2  0  3  Side chain-RNA backbone  3  1  1  0  0  5  0  2  2  2  6  Main chain-nucleobase  0  0  2  1  2  5  3  4  1  2  10  Main chain-RNA backbone  0  1  0  1  0  2  0  0  1  0  1  Total  5  4  3  4  3  19  4  6  6 4 20
Table 1 The numbers of hydrogen bonds of different types in the complex structures of KH1-GUUUAG and KH2-CAGAGU
KH1-GUUUAG
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hydrogen bonds: the O6 oxygen of G4 or G4Ј with the main chain NH group of the threonine and the imino group of G4 or G4Ј with the main chain carbonyl of the isoleucine, respectively (Fig. 4 , D and E). Other water-mediated hydrogen bonds are also found in both structures, including the N3 nitrogen of G4 with the side chain NH2 group of Arg-259 in the KH1 complex, the O4Ј of the G4Ј ribose with the 2Ј-hydroxyl group of A3Ј and the NH2 group of Lys-350, and the OP2 oxygen of G4Ј with the NH2 group of Arg-365 in the KH2 complex. Moreover, the side chains of Tyr-265 and Lys-267 in the KH1 complex (or Tyr-359 and Val-361 in the KH2 complex) contribute to the hydrophobic interactions with the G4 base (or G4Ј) ( Fig. 3) . Overall, the hydrogen-bonding network as well as the hydrophobic interactions ensures that the two purine nucleotides at positions 3 and 4 can be tightly anchored in the pocket on the surface of the KH domain.
Other parts of the hMEX-3C KH-RNA interfaces are dissimilar
Unlike binding positions 3 and 4, the interactions at other positions on the two KH-RNA interfaces are not similar. In the KH1 complex structure, the uracil base at position 2 (U2) is inserted into a hydrophobic pocket formed by Ser-241, Val-244, and Ala-245 of the ␣1 helix and Pro-269 and Arg-271 of the variable loop. The U2 base also makes a direct hydrogen bond with the carbonyl group of Pro-269 using its N3H group and a water-mediated hydrogen bond with the main chain carbonyl group of Glu-273 through its O4 oxygen, while its backbone OP2 group is involved in a hydrogen bond with the NH2 group of Arg-271 ( Fig. 5A ). In contrast, G2Ј, the nucleotide equivalent to U2 in the KH2 complex, is involved in a more complicated hydrogen-bonding network with the surrounding residues; it is the nucleotide that forms the largest number of hydrogen bonds in both structures (Fig. 5B ). Unlike U2, the G2Ј base is more likely to be sandwiched by the long side chain of Arg-365 from the variable loop and the hydrophobic surface formed by Val-338 of the ␣1 helix and Thr-362 and Pro-363 of the variable loop. Both the imino and amino groups of the G2Ј base form hydrogen bonds with the main chain carbonyl of Pro-363, while its amino group also makes an alternative water-mediated hydrogen bond with the carbonyl oxygen of Thr-362. Another water-mediated hydrogen bond is formed between the O6 oxygen of the G2Ј base and the main chain carbonyl group of Ser-364. In addition, the side chain NH2 group of Arg-365 makes water-mediated and direct hydrogen bonds with the OP1 oxygen and the C2Ј-ribosyl oxygen of the G2Ј backbone, respectively.
The most striking differences between the two KH-RNAbinding interfaces are in the RNA-binding sites prior to position 2. In the KH2 complex structure, there is only one adenine at position 1 (A1Ј), whereas two uracils are located at positions 0 and 1 (U0 and U1), respectively, in the KH1 complex ( Fig. 4A ). A1Ј is bound to the hydrophobic surface consisting of Val-337 and Leu-340 of the ␣1 helix as well as Arg-394 and Thr-395 of the ␣3 helix; its adenine ring is involved in hydrophobic interactions with the side chains of Val-337, Leu-340, and Thr-395. Multiple hydrogen bonds were identified at this interface. The side chain NH2 group of Arg-394 makes a hydrogen bond with the N7 nitrogen of A1Ј, while the main chain carbonyl of Arg-394 forms a hydrogen bond with the amino group of A1Ј via a water molecule (Fig. 5D ). In addition, the N3 nitrogen of A1Ј forms water-mediated hydrogen bonds with the main chain NH of Leu-340 and the carbonyl oxygen of Arg-336. In contrast, U1 in the KH1 complex exhibits a structural rearrangement with its base ring swinging away from the position of the A1Ј base in the KH2 complex toward position 2 (supplemental Fig. S2D ); it forms water-mediated hydrogen bonds with the side chain NH2 groups of Arg-271 from the variable loop through its O2 oxygen and a direct hydrogen bond with the side chain carbonyl of Glu-242 through its imino group. Addition- 
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ally, the phosphate backbone of U1 forms a direct hydrogen bond and a water-mediated hydrogen bond with the side chain of Arg-250 located within the conserved GXXG motif (Fig. 5C ). In addition to the above mentioned hydrogen bonds, U1 is also stabilized by hydrophobic interactions with the hydrophobic portions of Glu-246 and Arg-304 side chains (Fig. 3) .
Notably, a new specific binding site at position 0 occupied by a uracil was identified in the KH1 complex structure that has rarely been reported in previous studies (Fig. 5E ). Recognized specifically by the KH1 domain, U0 interacts with adjacent residues through multiple direct hydrogen bonds, including those between the O2 and O4 oxygen of the U0 base and the NH2 group of Lys-254 and the side chain NH group of His-299, respectively, as well as those between the C2Ј-ribosyl hydroxyl and backbone OP1 groups and the side chain groups of Glu-246 and Arg-304, respectively. In addition, the side chains of Phe-300 and Ile-303 also contribute to the hydrophobic interactions with the uracil ring of U0 (Fig. 3) .
The dual KH1/2 domains maintain the same RNA recognition patterns as those in the individual KH domains
To determine whether the individual complexes reflect real protein-RNA interactions between the KH1/2 domains and the bipartite MRE10, NMR experiments were performed. The assignments of backbone proton and nitrogen of the KH1 and 
Structure-guided mutagenesis reveals some key residues involved in RNA binding by hMEX-3C KH domains
Based on a careful analysis of the two complex structures we determined, a total of 15 residues were found to form hydrogen-bonding interactions with RNA via their side chain groups, including Glu-242, Glu-246, Arg-250, Lys-254, Arg-259, Thr-268, Arg-271, His-299, and Arg-304 from the KH1 domain and Lys-345, Lys-350, Gln-353, Thr-362, Arg-365, and Arg-395 from the KH2 domain ( Fig. 3) . To evaluate the individual contributions of these residues to the hMEX-3C KH1/2-MRE10 interaction, we generated alanine mutants of these residues for ITC analysis. CD spectra confirmed that the mutants of hMEX-3C maintain a secondary structure composition similar to that of the wild type (supplemental Fig. S7 ).
As summarized in Fig. 6 and supplemental Table S2 , compared with the wild type, the mutants E242A, E246A, R250A, K254A, and R259A in KH1 and K345A, Q353A, and R394A in KH2 reduced the binding affinities by ϳ2-fold or less, implying that the protein-RNA interaction was marginally perturbed by these mutations. A more significant reduction in binding affinity (Ͼ3-fold) was detected for mutants H299A and R304A; the His-299 and Arg-304 residue side chains mediate hydrogenbonding interactions to stabilize U0 in the KH1 complex structure, suggesting that this newly identified RNA-binding site in the hMEX-3C KH domain is specific. 
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The conserved threonine (Thr-268 in KH1 and Thr-362 in KH2) in the variable loop stabilizes the hMEX-3C-MRE10 interaction by forming multiple hydrogen bonds with the purine nucleotides at positions 3 and 4 ( Fig. 4) . Unsurprisingly, mutating these two residues to alanine significantly influenced the protein-RNA interaction. The T268A mutation decreased the binding affinity by ϳ6-fold, whereas T362A reduced it by ϳ12-fold. The conserved residue Arg-271 in the variable loop of KH1 (or Arg-365 in KH2) is also observed to form multiple hydrogen bonds with the U1 base and U2 backbone in the KH1 complex and with the G2Ј and G4Ј backbones in the KH2 complex ( Figs. 4 and 5 ). As expected, the corresponding mutants, R271A and R365A, had ϳ4and ϳ8-fold lower binding affinities, respectively, compared with the wild type. Additionally, Lys-350 in the ␣2 helix forms water-mediated hydrogen bonds with the 2Ј-hydroxyl group of A3Ј and the O4Ј of G4Ј in the KH2 complex structure, and the corresponding alanine mutant K350A weakened the binding affinity by ϳ5.4-fold, which is consistent with the results from other mutants where protein-RNA interactions at positions 3 and 4 were disrupted. However, Lys-256, the residue in the KH1 domain that is equivalent to Lys-350, forms no hydrogen bonds with the purine nucleotides at the core positions, which may partially explain the ϳ10-fold difference in the binding affinities of the two KH domains for their RNA substrates (K d ϭ 32.57 Ϯ 2.04 M for KH1-MRE10b and 3.15 Ϯ 0.25 M for KH2-MRE10a).
The GXXG motif is highly conserved among all KH domains and is essential for the recognition of the RNA targets. Surprisingly, R250A of KH1 and K345A of KH2 had only marginally lower binding affinities for their RNA-binding partners with ϳ1and ϳ2-fold reduction, respectively. We, therefore, propose that the GXXG motif in hMEX-3C KH domains plays a role in defining the RNA phosphate backbone trace rather than contributing to the protein-RNA-binding affinity.
Determination of the hMEX3C consensus RNA sequence
To determine whether a consensus RNA sequence existed for hMEX-3C KH domains, ITC was used to investigate the contribution of each nucleotide of MRE10 to the KH-RNA interaction by measuring the binding affinities of hMEX-3C KH1/2 domains for single-point mutants of each nucleotide ( Fig. 7A and supplemental Table S2 ). ⌬⌬G 0 was determined to evaluate the change in affinity, and ⌬⌬G 0 Ͼ 0.5 kcal mol Ϫ1 was defined as a significant reduction in the binding affinity. For the KH1-binding sequence UUUAG, cytosine mutants of the three uracil residues and the guanine mutant of the third uracil residue resulted in significant reductions in the binding affinity, whereas all other mutants showed relatively minor effects. For the KH2-recognition sequence AGAG, significant reductions in binding affinity were observed for the cytosine mutants of every nucleotide. The nucleotide at the third position showed a strict preference for adenine. Intriguingly, cytosine was often found in previously determined KH-RNA complexes, especially at positions 2 and 3. However, most positions, if not all, in the case of hMEX-3C KH1/2 domains do not tolerate cytosine at all, which is consistent with previous results obtained for ceMEX-3 (36) . This tendency of MEX-3 proteins to disfavor cytosine may contribute to the mechanisms they use to target their specific RNA substrates. Notably, although AG occupies binding positions 3 and 4 in both KH domains, the effects on the binding affinity caused by the mutations of these two nucleotides in KH1-GUUUAG are not comparable with those in KH2-CAGAGU. This is probably because the AG that is bound with KH2 is centrally located in the 10-mer MRE10 RNA, whereas the AG complexed with KH1 is at the 3Ј-end of the RNA sequence, and the nucleotides may have enough conformational flexibility to adapt to the structural environments in the KH domain, especially for the last guanine. Finally, based on our ITC results, we defined the RNA recognition sequence (A/G/U)(G/U)AG ϩ (A/G/U)(A/U)(A/U)(A/G/U)N for the dual KH domains of hMEX-3C, which is a bipartite element that consists of one four-nucleotide and one five-nucleotide motif recognized by KH2 and KH1, respectively.
The length of the linker between the two half-sites of MRE has been previously indicated to be important in mediating its binding with MEX-3 (36) . To test whether this is also the case for MRE10 with hMEX-3C, a series of mutants with different numbers of cytosines inserted between the two half-sites of MRE10 were generated for ITC experiments. The insertion of 
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cytosine is considered to not cause a change in the binding pattern because this base is not tolerated in MRE10. As summarized in Fig. 7B , hMEX-3C KH1/2 can bind mutants with up to eight cytosine nucleotides between the two half-sites without significantly reducing the protein-RNA-binding affinity. Based on these data, we refined the consensus RNA sequence to
hMEX-3C dual KH domains bind specifically to the HLA-A2 transcript
Although it has been found that human MEX-3C can regulate the translation of many mRNAs, HLA-A2, to the best of our knowledge, is the only mRNA that has been experimentally confirmed to interact directly with hMEX-3C KH domains (32, 33) . By binding to the HLA-A2 3Ј-UTR, hMEX-3C can induce the ubiquitin-dependent degradation of this mRNA or inhibit mRNA translation. Therefore, we applied the above defined RNA-recognition motif for hMEX-3C KH domains to the HLA-A2 3Ј-UTR and screened three potential binding targets for hMEX-3C, named hMRE-1-3 (Fig. 8A) . With regard to position, hMRE-1 is located adjacent to the 5Ј-end of HLA-A2 3Ј-UTR, whereas hMRE-3 is very close to the 3Ј-end. To verify their interactions with the KH1/2 domains, FP experiments were used to investigate the binding affinities of hMEX-3C KH1/2 domains with these three hMRE-containing RNA fragments with their lengths varying from 20 to 27 nucleotides and a control region lacking hMRE (Fig. 8B) . Our results show that all of the hMRE-containing RNA fragments exhibited high binding affinities (in the nM range) toward the dual KH domains of hMEX-3C, whereas the control region showed relatively low affinity in the M range (Fig. 8C) .
To further verify that hMRE is essential for specific recognition, we generated two variants of hMRE-3 (each half-site of hMRE-3 was mutated to multiple consecutive cytosines) for FP experiments. We chose hMRE-3 because it contains only one copy of hMRE, whereas hMRE-1 and hMRE-2 contain multiple copies of hMREa or hMREb. As expected, the binding affinities of hMRE-3-mut1 and hMRE-3-mut2 for KH1/2 decreased by ϳ3and ϳ9-fold, respectively, when compared with hMRE-3 (Fig. 8D) . Therefore, our results show that hMRE is essential for the high-affinity interaction between hMEX-3C and HLA-A2 3Ј-UTR.
Discussion
MEX-3 was first reported as a translational repressor in C. elegans, and its orthologs in vertebrates were subsequently identified to have E3 ubiquitin ligase activity, promoting RINGdependent degradation of certain mRNAs critical to embryonic development, immune responses, metabolism, and even carcinogenesis (32, 33, 38 -42) . Although efforts have been made recently to elucidate the functions of MEX-3-mediated biological processes (30, 35, 45) , the mechanisms MEX-3 proteins use to identify their real RNA targets remain unclear. In this study, we determined two crystal structures of human MEX-3C KH domains with their RNA substrates and identified the amino acids and nucleotides crucial to protein-RNA recognition specificity. The binding motif derived from our results will provide valuable information for future investigations of the functional pathways mediated by hMEX-3C and for predicting potential mRNAs regulated by this enzyme.
In addition to the four classically bound nucleotides, an extra nucleotide at the 5Ј-end of the single-stranded RNA or DNA is occasionally observed in the reported structures of KH-nucleic acids complexes, whose binding is often stabilized by hydrophobic interactions, van der Waals forces, or packing effects. In the hMEX-3C KH1-GUUUAG complex, however, a uracil located at position 0 interacts with the residues of ␣1, ␣2, and ␣3 helices via multiple hydrogen bonds, exhibiting a high binding specificity. Interestingly, even though the structures of the two hMEX-3C KH domains are highly similar, no extra bound nucleotide is found in the KH2-CAGAGU complex. A comparison of the two structures reveals that the ␣3 helix in the KH2 domain is three residues shorter, shows a slightly different orientation from that in the KH1 domain, and lacks positively 
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charged residues at positions equivalent to His-299 and Arg-304 in the ␣3 helix of the KH1 domain (supplemental Figs. S2C and S8). Altogether, these factors could help explain why the KH2 domain does not possess an extra RNA-binding site. To extend our findings, we analyzed the specific binding capacities for an extra nucleotide in other KH domains with reported structures by checking for two criteria, an ␣3 helix that was suitably long and a charged residue(s) at a position(s) equivalent to His-299 and/or Arg-304 in hMEX-3C KH1 (supplemental Fig. S8 ). The Nova-2 KH3 and PCBP1 KH1 domains, which satisfy both these conditions, are KH domains that have been reported so far to interact with an extra nucleotide using hydrogen bonds (15, 46) . Thus, our findings can be used to predict which KH domains have an extra specific RNA-binding site.
The extra RNA-binding site allows the hMEX-3C KH1 domain to bind its RNA substrate with a higher specificity, which is consistent with the distinct ITC results for the KH1 domain with the MRE10a and MRE10b fragments (Fig. 1D) . The KH2 domain, in contrast, exhibits comparable binding affinities for the two RNA fragments (Ͻ4-fold difference in binding affinity). Overall, our structural and ITC data suggest that the contributions of the two KH domains to the recognition of RNA targets are different, and the KH2 domain appears to contribute more to binding affinity.
The nucleotides bound at position 2 are dominantly adenine or cytosine in almost all published structures (15, 27, 34, 44) . Our structure of hMEX-3C KH1-GUUUAG, for the first time, shows that uracil is bound at this position. Guanine is also rarely found in position 2 of the KH-RNA-DNA-binding interface with the only exception so far being the KSRP KH3-AGGGC complex. In the hMEX-3C KH2-CAGAGU complex, the G2Ј base forms as many as four hydrogen bonds with the protein backbone, whereas the corresponding guanine base in the KSRP KH3 complex makes only one hydrogen bond with the side chain of a lysine residue from the ␤3 strand (Fig. 9A) . Notably, both the uracil and guanine at position 2 in our two complex structures make hydrogen bonds with the backbone atoms of two or three different residues in the variable loop adjacent to the ␤3 strand (Fig. 9A) . In contrast, all previously reported complex structures show that the nucleotide bound at this position interacts primarily with the positively charged side chain of a single residue in the ␤3 strand. Therefore, we have observed a new recognition pattern that has not been seen previously in other KH-nucleic acid complexes. Additionally, in all KH-RNA complex structures, barring the KSRP KH-AGGGC complex, an adenine is bound at position 3. In these structures, this adenine forms hydrogen bonds with the backbone atoms of a highly conserved isoleucine of the KH domain using its Watson-Crick edge, mimicking the classical base-pairing behavior in nucleic acids. The hMEX-3C KH domains also show a strong preference for adenine at binding position 3. However, this adenine establishes multiple hydrogen bonds with three different KH residues using both its Watson-Crick and Hoogsteen edges (Fig. 9B) . Moreover, the interactions between the Hoogsteen edge and the side chains of threonine residues (Thr-268/Thr-362) appear to be essential for binding specificity as both the T268A and T362A mutations decreased the binding affinities of the KH1/2 domains for RNA significantly. However, the corresponding residues in other KH domains are nonpolar amino acids, which lack a side chain group capable of forming hydrogen bonds with the Hoogsteen edge of the adenine (supplemental Fig. S8 ). Another characteristic that distinguishes hMEX-3C KH from other KH domains is that cytosine is not tolerated at most of its RNA-binding positions, a feature that has also been confirmed in ceMEX-3C (36) . This preference for non-cytosine nucleotides and the novel "1-to-n" recognition patterns at posi- 
tions 2 and 3 may represent a unique strategy that the MEX-3 family utilizes to recognize its RNA substrates.
Some mechanisms have been proposed to explain how MEX-3C regulates the degradation of mRNAs via their 3Ј-UTRs, but some of the available evidence shows that without the RING domain MEX-3C can still inhibit the translation of mRNA, probably by sequestering the mRNA. Either way, a specific recognition pattern between the MEX-3C RNA-binding domains and the 3Ј-UTRs of mRNAs may exist. Interestingly, according to our data, HLA-A2, a previously characterized MEX-3C regulatory target, contains three hMRE-containing sequences in its 3Ј-UTR. All of these sequences show high binding affinities toward the KH domains of MEX-3C, and the half-site mutants of hMRE decreased the binding affinities significantly, suggesting that MEX-3C may regulate mRNA translation by recognizing and binding the hMRE sites. Further work is needed to verify whether all of these potential binding motifs are functionally relevant and whether hMRE recognition is a ubiquitous regulation mechanism used by MEX-3 family proteins in cells.
Experimental procedures
Protein expression and purification
The gene for hMEX-3C was purchased from Life Technologies. The DNA segments for the human MEX-3C KH1 domain (residues 221-306), KH2 domain (residues 320 -396), and dual KH domains (residues 221-396) were amplified by PCR. Sub-sequently, the KH1 and KH2 domains were cloned into a modified pET28a (Novagen) vector without the thrombin cleavage site (p28a), whereas the dual KH domains were cloned into a modified pET28a vector in which the thrombin cleavage site was substituted with a small ubiquitin-like modifier (SUMO) protease cleavage site. The mutants of the KH1/2 domains were constructed by conventional PCR using the MutanBEST kit (TaKaRa) and verified by DNA sequencing. All recombinant proteins were overexpressed in Escherichia coli BL21 (DE3)-Gold cells (Novagen) cultured in LB medium to an A 600 of 1.0 and then induced with 0.03 mM isopropyl 1-thio-␤-D-galactopyranoside for 6 h at 37°C. All proteins were purified on a nickel-chelating column (Qiagen) using 20 mM Tris (pH 7.5), 1 M NaCl and then further purified by size-exclusion chromatography using a Superdex 75 or Superdex 200 column (GE Healthcare) equilibrated with SEC buffer (20 mM Tris (pH 7.5), 2 M NaCl). Finally, the KH1/2 domains and its mutants were treated with ULP1 to remove the His 6 -SUMO tags. The 15 N, 13 C-labeled MEX-3C KH1, KH2, and KH1/2 domains used for NMR experiments were synthesized by growing the bacteria in LeMaster and Richards medium supplemented with 0.5 g/liter 15 N-labeled NH 4 Cl, 2.5 g/liter labeled glucose and purified by the same procedure as described above.
Isothermal titration calorimetry
RNA oligomers were purchased from Takara Bio, Inc. and dissolved in diethyl pyrocarbonate-treated water to a final con- 
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centration of 1 mM. ITC assays were performed using a Micro-Cal iTC200 calorimeter (GE Healthcare), and all experiments were carried out at 20°C. A buffer containing 50 mM Tris (pH 7.5), 200 mM NaCl, and 1 mM TCEP was used for sample dilution. The concentrations of the proteins were determined spectrophotometrically. The MRE10 RNA and its mutants were diluted in buffer to a final concentration of 20 M. The C values of the experiments performed with these RNA oligomers are in the range of 10 -133. In contrast, MRE10a and MRE10b were diluted in the same buffer to a final concentration of 30 M. The C values for their ITC experiments are in the range of 1-10. The ITC experiments involved 20 injections of 2 l of protein into 200 l of RNA. In the control experiment, the buffer without protein was injected into RNA to compensate for the heat of protein dilution. Data analysis was done using the ITC data analysis module Origin 7.0 (MicroCal) provided by the manufacturer. The ⌬G 0 of protein-RNA binding was computed as ϪRTln(1/K d ) where R, T, and K d are the gas constant, temperature, and dissociation constant, respectively.
Nuclear magnetic resonance
Backbone resonances of the KH1 and KH2 domains were assigned using 0.5 mM 15 N, 13 C-labeled protein in NMR buffer (50 mM sodium phosphate (pH 6.5), 100 mM NaCl, 5 mM TCEP) with 10% D 2 O using 3D CBCA(CO)NH and 3D CBCANH on a Bruker DMX 600 MHz at 298 K. The 15 N-labeled KH1, KH2, and KH1/2 domains (each at a concentration of 0.1 mM) in NMR buffer containing 10% D 2 O were titrated with increasing amounts of MRE10b, MRE10a, and MRE10, respectively. After each titration, the 1 H-15 N HSQC spectra were recorded on a Bruker DMX 600 MHz at 298 K. All NMR data were processed using NMRPipe (47) , and the spectra were assigned using Sparky (48) .
Crystallization, data collection, structure determination, and refinement
Prior to crystallization, the hMEX-3C KH1 domain was dialyzed against a buffer (pH 7.5) containing 20 mM Tris, 200 mM NaCl, and 2 mM TCEP. The KH2 domain was dialyzed against a buffer (pH 7.5) containing 20 mM Tris and 200 mM NaCl. The RNA oligomers were diluted in diethyl pyrocarbonate-treated water to a final concentration of 4 mM. The crystals of the apoform KH2 domain were obtained by sitting drop vapor diffusion against 1.6 M ammonium sulfate at 4°C with a protein concentration of 8 mg/ml. KH1-GUUUAG crystals were obtained by hanging drop vapor diffusion against 5% (v/v) Tacsimate (pH 7.0), 0.1 M HEPES (pH 7.0), and 10% (w/v) polyethylene glycol monomethyl ether 2000 at 20°C with a protein concentration of 20 mg/ml and a protein:RNA ratio of 2:1. KH2-CAGAGU crystals were obtained by sitting drop vapor diffusion against 0.04 M magnesium acetate tetrahydrate, 0.05 M sodium cacodylate trihydrate (pH 6.0), and 30% (v/v) (Ϯ)-2methyl-2,4-pentanediol at 20°C with a protein concentration of 4 mg/ml and a protein:RNA ratio of 2:1. The mother liquor supplemented with 20 -30% (v/v) glycerol was used as a cryoprotectant for the crystals. Crystals were soaked with the cryoprotectant, harvested using cryoloops, and flash cooled in liquid nitrogen.
X-ray intensity data of the crystals were collected on beamline 18U1 at the Shanghai Synchrotron Radiation Facility at 100 K. The data sets were integrated and scaled using HKL2000 software. For the KH1-GUUUAG complex, the phase problem was solved by molecular replacement with the program MOLREP (49) using the structure of hMEX-3D KH2 (Protein Data Bank code 2DGR) as a search model. The sequence identity between hMEX-3D KH2 and hMEX-3C KH1 is 46%. The model was further improved by manual model building using Coot (50) and refined primarily using PHENIX.refine (51) . Final refinement strategies included xyz coordinates, individual B-factors, occupancies, and automated correction of N/Q/H errors. The structures of KH2-CAGAGU and apo-KH2 were processed and refined in a manner similar to the KH1-GUUUAG structure using the latter as a search model for molecular replacement (Protein Data Bank code 5WWW). The refinement strategy for the KH2-CAGAGU complex was the same as that of the KH1-GUUUAG structure. For the structure of apo-form KH2, final refinement strategies included xyz coordinates, individual B-factors, TLS parameters (one TLS group per chain), occupancies, non-crystallographic symmetry restraints, automated correction of N/Q/H errors, and optimization of X-ray/stereochemistry and X-ray/atomic displacement parameter weight. The F o Ϫ F c map was generated before including RNA in the model. The composite omit 2F o Ϫ F c map was generated by running the program phenix.composite_ omit_map with Cartesian simulated annealing refinement prior to map generation. Crystal diffraction data and refinement statistics are listed in supplemental Table S1. Structure analysis was performed using PyMOL.
CD measurements
Far-UV CD spectra of the hMEX-3C KH1/2 domain and its mutants were determined using an Applied Photophysics Chirascan spectrometer at 298 K. The spectra were recorded at wavelengths between 195 and 260 nm using a 0.05-cm-path length cell. The protein samples were diluted to 0.1 mg/ml with CD buffer (30 mM PBS (pH 7.5), 100 mM NaCl). A buffer-only reference was subtracted from each curve. All samples were tested in triplicate.
hMRE screening
The RNA-recognition element of hMEX-3C KH1/2 domains (hMRE) located within the HLA-A2 3Ј-UTR was screened using Vector NTI software (InforMax, Inc.). The hMRE RNA is a bipartite element that consists of two half-sites recognized by the KH1 and KH2 domains (hMREa, (A/G/U)(G/U)AG, and hMREb, (A/G/U)(A/U)(A/U)(A/G/U)N). We searched the HLA-A2 3Ј-UTR using the hMEX-3C recognition element (A/G/U)(G/U)AGN 0 -8 (A/G/U)(A/U)(A/U)(A/G/U)N, and three RNA sequences (named hMRE-1-3) containing hMRE were identified. Note that hMRE-1 comprises two copies of overlapping hMREa elements, and hMRE-2 comprises three copies of overlapping hMREb elements.
Fluorescence polarization assay
Lyophilized 5Ј-FAM (carboxyfluorescein)-labeled RNA oligomers were purchased from Takara Bio, Inc. and dissolved in
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FP buffer (20 mM Tris (pH 7.5), 200 mM NaCl) to a final concentration of 50 nM. Equilibrium dissociation constants for different RNAs and hMEX-3C KH1/2 domains were determined by measuring FP as described previously (52) . The hMEX-3C KH1/2 domains with the His 6 -SUMO tag were serially diluted in FP buffer. Before the assay, 190 l of labeled RNA at 50 nM was mixed with 10 l of protein at different concentrations and incubated for 10 min. Samples were then excited at 485 nm, and FP was detected at 525 nm using a SpectraMax M5 (Molecular Devices) plate reader at 20°C. The FP data were fitted to a 1:1 binding model using Equation 1,
where FP is the observed total polarization, FP ini is the FP value of free RNA, P is the concentration of protein, R is the concentration of RNA, and n is the binding stoichiometry (protein: RNA ratio).
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